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Superconductivity in a doped topological insulator (TI) is a very interesting phenomenon and con-
stitute a new finding of the modern day condensed matter physics. Here we have investigated the
physical and transport properties of such an intercalated TI, namely, Bi2Se3 via a strong coupling
route. The unique bandstructure of Bismuth Selenide with a dirac cone is strongly influenced with
the intercalation by Silver (Ag) (Gold (Au) is included to compare and contrast) at high densities,
along with novel structural effects, leading to the emergence of orbital selective metal insulator tran-
sition with possible superconductivity at low temperature. Here we have explored the part of multi
orbital electron electron correlations in Ag and Au intercalated Bi2Se3 via dynamical-mean-field
theory with local density approximation, and the impact of this intercalation in establishing new
physical properties and possible energy applications.
PACS numbers: 71.10.Hf, 63.20.Dj, 74.72.-h, 74.25.Ha, 76.60.-k, 74.20.Rp
I. INTRODUCTION
Intercalation is a way of inserting a new material into
a lattice without significantly changing its parent struc-
ture, however modifying its exotic physical and trans-
port properties. In layered materials intercalation is a
well known phenomenon and has good applications in a
variety of materials, such as, battery electrodes, super-
capacitors, and solid lubricants1. Recent studies have
proved that intercalation in topological insulators can
make the host material superconducting2. Search of
these topological superconductors is new interest of con-
densed matter physics. Topological insulators (TIs) are
having insulating bulk states and topologically protected
metallic surface states. These electrons are defined as
Dirac electrons where presence of finite spin-orbital cou-
pling makes the spins of the electrons nondegenerate with
the spin-momentum locking effect. While a lot of three-
dimensional (3D) materials show topological properties3,
a few two dimensional and one dimensional materials are
also present in the list4–7.
The most renowned example of 3D TI is Bi2Se3, which
has a Dirac cone on the surface and a large gap in bulk
properties. Topological properties are explained both
theoretically and experimentally by ab initio electronic
structure calculations8 and electron scattering studies.
Bismuth Selenide is a 3D layered chalcogenide having a
narrow bandgap. Like other layered chalcogenides, it also
exhibits diverse fascinating electronic properties. Pres-
ence of a van der Waals gap in the crystal structure makes
it favorable for acting as a host for intercalant materials,
such as, Cu, Ag, Sr and many others. Zerovalent in-
tercalation produces a variety of physical, electronic and
magnetic properties, such as, Rb intercalation leads to
strong Rashba spin orbit coupling (SOC), while Sr and
Cu intercalation make the host material superconduct-
ing with different transition temperatures (Tc)
2. Further
there are reported experiments for controlling the posi-
tions of the Dirac points in Bi2Se3 by surface doping.
Also incommensurate and commensurate charge density
waves are reported in high density intercalation of copper
in Bi2Se3
9. Thus intercalation introduces new features
which do not exist in the host material. Further the inter-
calation process has renewed interest with the prospects
of discovering new energy storage materials10–13. High
chemical activity of alkali metals are used for doping the
surfaces of various topological materials for controlling
the chemical activity of the surface. One of the most in-
teresting features of the TI state is the valance and con-
duction bands of diffrent parity cross and subsequently
open up a band gap due to strong spin orbit interac-
tion, thereby resulting in an inverted band structure. In
Bi2Se3 the topological invariant Z2 is the change of parity
of the valance band eigenvalues in band-inversion induced
time-reversal-invariant point in the Brillouin zone.
With all the extant experimental and theoretical data
presented above, it is useful to obtain information on the
evolution of structural and electronic properties of the
alkali atoms intercalated in Bi2Se3. Here we use first-
principles density functional theory (DFT) calculations
combined with dynamical mean field theory to show the
intercalation induced changes in electronic properties of
Bi2Se3 with Ag and Au (for comparison) as the inter-
calants. Earlier experimental studies14 show Ag interca-
lation with concentration greater than 50% exhibit strong
satellite marks associated with a host Bragg mark which
is recognized in superlattice intercalate systems as a sig-
nature of an incommensurate charge density wave15. The
positions suggest change in the natural periodicity of the
Ag intercalated Bi2Se3. While Ag intercalation affects
the periodicity of the material, experiments suggest that
Au intercalation only results in crystal defects. Here we
shall show how they affect the Dirac points and the trans-
port properties of the parent material, that is, Bi2Se3.
II. LDA+DMFT
Bi2Se3 has a rhombohedral structure (space group:
R3m). The crystal structure consists of quintuple layered
2blocks separated by the van der Waals gap, and in each
layer the hexagonal atomic planes are arranged follow-
ing the sequence of Se1-Bi-Se2-Bi-Se1 arranged along z-
direction with covalent bonding between the atoms. Se1
and Se2 are two inequivalent Selenium atoms. Thus any
quintuple layer ends or starts with a Se1 atom and any
foreign atom placed in the van der Waals gap will be
closer to the Selenium atom.
First principles calculations were performed using
WIEN2k full-potential linearized augmented plane wave
(FP-LAPW) ab initio package16 within the DFT
formalism17 to get the electronic structure and density
of states (DOS). 1000 k-points with 10× 10× 10 k-mesh
(with the cutoff parameter, Rkmax = 7.5) employed here
and generalized gradient approximation Perdew-Burke-
Ernzerhof (GGA-PBE) exchange correlation potential is
chosen. The muffin-tin radius, Rmt was chosen 2.5 a.u.
for Bi, Se, Au and Ag for different intercalation. The
cell parameters and atomic coordinates (fractional) are
derived from earlier experiment14, and then these para-
maters are varied to get the energy minimized crystal
structure in intercalated Bi2Se3. Finally self consistent
field (scf) calculations are converged upto 0.0001 eV en-
ergy separation between the final states. Thus from
the converged scf calculations we have figured out the
band structure and the DOS. The band structure and
the atom-resolved DOS are displayed in Fig.1 and Fig.2.
The DOS manifests partially occupied Se-4p, Bi-6p and
Ag-5s bands (denoted as a,b,c orbitals later) near the
Fermi level in silver-intercalation whereas Se-4p, Bi-6p
and Au-6s (denoted as a, b, c orbitals later) bands near
the Fermi level in gold intercalated Bi2Se3. Our re-
sults for parent Bi2Se3 are in accordance with the pre-
vious calculations18. For example, the energy bandgap
of about 0.3 eV which matches nicely with the earlier
experimental data. We have calculated parent band-
structure both with and without the spin-orbit coupling
(SOC). Comparing both of them with the existing re-
sults, we conclude that SOC induces the anti-crossing
feature around the Γ point which indicates inversion
between the conduction and the valance band, thereby
showing topological insulating nature of Bi2Se3.
For performing electronic and transport calculations,
a fully charge-self-consistent dynamical mean field the-
ory (DMFT) is used. In a strongly correlated system,
DFT+DMFT has been successful in explaining a lot of
important physics19,20. The multi-orbital iterated per-
turbation theory (MO-IPT), a computationally fast and
effective impurity solver has been used here. Though not
exact it works nicely in real systems for both high and
low temperature regime21. To present the importance of
quantum correlations in intercalated Bi2Se3 we have used
multi orbital Hubbard model with reasonable intra and
inter-orbital Coulomb interactions. The total Hamilto-
nian is expressed as,
H =
∑
k,a,σ
ǫk,ac
†
k,a,σck,a,σ + U
∑
i,a
nia↑nia↓+
U ′
∑
i,a,b,σ,σ′
niaσnibσ′ − JH
∑
i,a,b
Sia.Sib (1)
where ǫk,a is band dispersion for the three bands and
U ′ = U − 2JH where U and U
′ are the intra(inter) or-
bital Coulomb repulsion and JH is the Hunds coupling.
Here we have considered JH=0.5 eV and varied U over a
range (Fig.3). Although we have taken account of the
SOC in our LDA Hamiltonian, the interplay between
the Coulomb interaction and the band dispersion cre-
ates many body correlations in an intercalated p-band
topological insulator.
III. RESULTS AND DISCUSSION
We shall now begin discussing our LDA+DMFT re-
sults. In Fig.3 we present the orbital resolved spectral
functions of the intercalated Bi2Se3 as a function of the
on-site Coulomb repulsion, U . Intercalation increases the
density of conduction electrons at the Fermi level. As
observed from the DMFT DOS, with increasing U there
is large spectral weight transfer in both cases, that is,
intercalation by Ag (Fig. 1c) and Au (Fig. 1d). Spec-
tral weight transfer as a function of Coulomb interaction
and low energy quasiparticle resonance are intrinsic to
strongly correlated systems. The emergence of the Hub-
bard bands with increasing U is also noteworthy in the
intercalated Bi2Se3. For the Au intercalated system, the
electron electron interaction only transfers the spectral
weight and the material remains a correlated metal for
different values of U , whereas for the Ag intercalation,
increasing U introduces selective gaps in the orbital den-
sity of states for U = 3.0 eV. In this case, the large U
limit distorts the low energy coherence and a selective
Mott-Hubbard gap opens up, thereby promoting the for-
mation of experimentally reported charge density wave
(CDW) state with a different periodicity. Thus existence
of an orbital selective Mott scenario in the Ag interca-
lated Bi2Se3 in the normal state, is related to the strong
normal-state scattering which might induce CDW order
with increasing temperature.
Several interesting features emerge from our results,
such as, the correlated electronic structure is orbital de-
pendent and the orbital dependent spectral weight re-
distribution is observed from the correlations depending
on the strengths of U and U ′. The incoherent Hub-
bard bands are prominent at higher energy as observed in
the strongly correlated system. While earlier theoretical
results22 for the parent compound, Bi2Se3 have reported
a Kondo-Mott electronic transition in the bulk system in-
duced by the dynamical correlation and active in all the
orbitals here we get an orbital selective Mott transition
in the Ag intercalated compound.
With this orbital selective DOS in Fig.3a (chosing
U = 3.0 eV and U ′ = 2.0 eV), we demonstrate how
electron correlations are affected with temperature. In
Fig.3c and Fig.3d we show the temperature dependence
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FIG. 1. (Color Online) (a) The crystal structure of Bi2Se3. Band structure of (b) parent Bi2Se3, (c) Ag intercalation and (d)
Au intercalation in the rhombohedral structure including spin-orbit coupling (SOC). Intercalation results in disappearance of
the band inversion at the Γ point and results in increase in the number of conduction electrons. For the effective three-band
model incorporating conduction electrons within DMFT calculations, we use the Bi-p, Se-p and Ag-5s or Au-6s bands crossing
Fermi Energy (EF=0).
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FIG. 2. (Color Online) Density of states of the correspond-
ing bands ((a)Ag intercalation, (b) Au intercalation) in two
system.
of Ag intercalated DOS for various temperatures. It is
observed that the Ag band exhibits a peak at the Fermi
energy for all values of temperatures, while there is a
pseudogap increasing in the Se-p band with decreasing
temperature. Although Bi-p band remains almost un-
affected. These contrasting behaviors are outcomes of
multi orbital electronic correlations on non-interacting
DOS. While at low temperatures, the Se-p band remains
insulating, the Bi-p and Ag-s bands retain their metallic
nature, hence revealing an interesting physics in topolog-
ical insulators. Such a strong coupling scenario can open
the possibility of giving rise to novel instabilities with
competing orders, as those observed in doped TiSe2
24.
Interestingly, at T = 100K, the orbital selectivity van-
ishes and a sharp peak appears at the Fermi level from
below. Whereas earlier XRD data14 show that there is
formation of CDW order in the intercalated compound,
here we find opening of a pseudogap below 100K. This is
a novel finding in this type of systems, and if we analyse
the resistivity data (Fig.4a) we get metallicity through-
out the temperature range, all the way till room temper-
ature. This is one of the key results of our paper which
allows us to conclude that transition to a CDW phase
is a coherent restoring transition which occurs at higher
temperatures. However for the Au intercalation, there is
no such orbital selectivity and the spectral function dras-
tically changes at temperatures greater than 10K. All the
three bands continue to show metallic behavior through-
out the temperature range. Clearly the case concerning
the intercalation of Au differs significantly from that of
Ag.
Further we computed the optical conductivity, in Fig.4
as a function of energy for a few different values of the
temperature, T . This task becomes easier if we real-
ize that the irreducible vertex corrections appearing in
the Bethe-Salpeter equations for conductivities are neg-
ligible in multi-band cases. In the DMFT calculations
we have considered the three important bands crossing
Fermi level from the DFT band structure, so that the
relevant energy range can be identified for obtaining op-
tical conductivity corresponding to both systems. In the
Ag intercalation, specifically up to an energy of about 0.5
eV, the high temperature optical conductivity lineshapes
varying with energy show sizable optical spectral weight
transfer with increasing temperature. The sharp peak in
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FIG. 3. (Color Online) Orbital-dependent density of states from DFT+DMFT at various values of U and U ′ (in eV) for (a)
Ag intercalation and (b)Au intercalation. DFT+DMFT density of states at various temperatures (Red line (10 K), green line
(50 K), Blue line (100 K) and purple line (200 K) for both Ag and Au intercalations respectively ((c) and (d)).
the conductivity at low temperature in not a Fermi Liq-
uid (FL) Drude peak that emphasizes low temperature
selective Mottness in the spectral function. Rather this
peak arises due to reduced incoherence upon CDW tran-
sition and related gap opening. Clear spectral weight
transfer upto 1 eV is discernible from the conductivity
lineshapes, which is very high in consideration with the
energy range of the bands indicating large dynamical cor-
relation. The overall change in the optical conductivity
points towards appearance of an order. In contrast, Au
intercalation shows a FL behavior (consistent with the
DOS data from our DMFT calculations) throughout the
temperature range. It shows a featureless broad peak
till about 0.53 eV and an additional Drude peak at lower
energies. The low energy peak height decreases with tem-
perature, alongwith a spectral weight transfer occurs at
high energies.
We next evaluate the resistivity from Kubo formalism
in our dynamical mean field theory. Interestingly, as dis-
played in Fig. 4a inset, we observe that a linear temper-
ature dependence of ρdc(T ) at high T (40-50 K) which
suddenly changes its slope at about 10 K and below for
the Ag intercalated Bi2Se3. Remarkably, ρdc(T ) exhibits
a further low-T crossover to zero resistivity. The linear T
dependence is in good accord with the finding of a CDW
order in experiments, and mandates deeper microscopic
exploration. To show the low temperature resistivity,
we have plotted it separately in the lower inset where
it shows vanishing of resistivity that occurs between 5K
and 2K. This provides a theoretical evidence of finding
superconductivity in the Ag intercalated Bi2Se3. The
microscopic processes involving scattering of the carriers
off well-formed correlations which at high-T is incoher-
ent, leading to a linear in T resistivity, while increasing
coherence via suppression of incoherent fluctuations pro-
vides a drastic change to the slope at low T . The inset
of Fig.4b shows the temperature dependent resistivity of
Au intercalated Bi2Se3. Consistent with findings of the
FL behaviour, the dc resistivity shows T 2 dependence
throughout the temperature range. Thus as predicted
from experiments Au intercalation only introduces de-
fects in the Bi2Se3 crystal lattice which makes the system
metallic.
The claim for a superconducting transition in Ag in-
tercalated Bi2Se3 with a Tc = 4.5K is confirmed via the
susceptibility versus temperature plot (χ vs T ) in Fig.4c.
The susceptibility changes sign from positive to negative
values at the Tc with lowering of T . We have checked that
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FIG. 4. (Color Online) Optical Conductivity of (a) Ag and
(b) Au intercalated Bi2Se3. For Ag intercalation, high tem-
perature optical conductivities (50 K-200K) are multiplied by
1000 to show their variation in comparison with 10 K since the
corresponding values are very small. Inset shows resistivity
plot at two different temperature range, namely, 10K-100K
and 0K-10K. For Ag intercalation, the resistivity at low tem-
perature range shows sudden decrease below 5K. (c) Magnetic
susceptibility at low temperature for Ag intercalated Bi2Se3.
The susceptibility shows diamagnetism below Tc = 4.5K.
such a scenario is absent for the case of Au intercalation
where χ only assumes positive values (not shown here).
Thus zero resistivity, together with the diamagnetic sus-
ceptibility indicate Bi2Se3 to become a superconductor
with Ag intercalation. Although Ag is plasmonic but su-
perconductivity with Ag intercalation or doping is not a
new phenomena, earlier also it was reported to obtain a
increased Tc with Ag in a semiconductor matrix
23.
(a)
(b)
FIG. 5. (Color Online) DMFT Fermi surface map for Ag in-
tercalated Bi2Se3 at (i) low (10K) and (ii) high(200 K) tem-
perature. The central pocket changes its lineshape along with
disappearance of pockets at the M points.
Now to inquire the microscopic origin of ordering in
Ag intercalated Bi2Se3, we compute DMFT Fermi sur-
face (FS) (Fig.5) at high and low temperatures. In par-
ent Bi2Se3 due to band inversion, there is no Fermi level
crossing resulting in no pocket in ths FS map. Strong
spin-orbit interaction eliminates the possibility of FS
nesting. From the DMFT Fermi surface estimations,
presence of selective gaps is observed though their is no
Fermi surface reconstruction with temperature, which is
in accordance with the corresponding features for notable
iron based superconductors and chalcogenides24. Also
there is negligible temperature effects on the Fermi sur-
face lineshapes. Now in the Ag intercalation case, high
temperature orbital selectivity is observed which affects
the FS too. The high temperature FS is substantially
smeared out at the M points. Further examination of
the DMFT FS map at the Γ point reveals that the the
central pocket acquires an oblong shape instead of being
hexagonal as is usually expected from the DFT results.
This change in FS can possibly arise due to the orbital
dependent reconstruction as a result of the inter-orbital
interactions. Further at low temperatures, the electron
pockets near the Γ point change its shape. New FS sheets
appear at low temperatures at the M point. Since these
features become well defined at lower temperatures below
which superconductivity is predicted, it is a direct conse-
quence of superconducting order induced reconstruction
of electronic states.
To summarize, here we have presented a DFT+DMFT
6study of Ag and Au intercalated Bi2Se3 to explore
the ordering induced by them. The manuscript is fo-
cused mainly on the changes in electronic and trans-
port properties that occur due to interaction from our
DFT calculations. Since the topological superconduc-
tors are unearthed, both theoretical and experimental
studies are going on to explain various properties. Our
study in that case provides new input to the variety
of topological superconductors. The electronic band
structure of parent Bi2Se3 displays signature of a Dirac
semimetal, which substantially changes due to interca-
lation. The strong electronic correlation is investigated
within DMFT. While Au intercalation suppresses the in-
sulating properties and behaves like a metal which is in
excellent accord with earlier experiment14, but Ag in-
tercalation produce ordering in the material with orbital
selectivity and can be tuned to get superconductivity.
Further we have studied the DMFT Fermi surface which
suggests that the FS is gapped only in certain directions
and hence invalidates the concept of nesting as the ori-
gin of order. Armed with all the DMFT results, including
the resistivity with an effective three-band model super-
conductivity is predicted in presence of Ag intercalation.
Further exploration of the superconducting state is left
for future work. This study can be used to other layer
materials with similar structure like other layer topolog-
ical compounds emerging as a novel research topic for its
application in energy storage.
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